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Applica~ion  of Aikmc Visible/Infrared lrna~ing Spcct  rornclcr
(AVIRIS) to Dclcmnina[ion  of Atnmsph@d Acmsol ~piical D e p t h  a n d  Prccipi!ablc”  W a t t . r  Co@l

Robcrl O . ”  G r e e n  and Jarncs  E Concl
Jet ~ropdsion 1,aboratory,  (kliftirflia  lnslitlltc  of T~lInologY

1,. I nt roductim;  ‘IllrW fundamental problems of tcm,strial  solar rcftcclivc  optical remote sensing can
bc formulaicd  in g,cricral terms as follows: (1) dckrmina[ion Of thc land and’ ocean surface bidil  ccl ional
rcflcctancc  distrit~u(ion  function (I]]{DF)  or dirc~[i,onal  surface-lca,ving radiance from top-of-atmosphere
dire.ctiolial radiance mcasurcmcnls,  (2) dct~rnlination of surracc-a{mosphcrc  radiative arid makrial flux
intcraclions,  and (3) determination of the tc[nporal  and spatial gas absorj]lion  and aerosol scat tcring proper tics of
lhc atmosphere i[sclf  including tlIC ra(liativc (absorption and scallcring)  propcrlics  of clouds. I’IIc solution of
]moblcln (1) can lx n]osl  gcncral]y, but not cxc]usivcly,  carried ollt  by usc of an appropriate radiative transfer
rnodcl togct]lcr  with assumptions concerning lateral and vertical variability of atmospheric propcrlics. Accurate
constraint of such models requires dctailti  knowledge of the absorption and scallcring  properties of the
atmosphere, both spatially and with altitude. la practice, such information is rarely available from indcpcndcnt
obscwalions,  and dcparlurcs of tllc assurncd conditions from tlm, actual ones prcsm  will lead to errors in the
rccovcrcd  rcflcctallcc  values. A dcsirab]c  n~cllmctology would certainly bc the estimation of the rcquirvd
atmospheric paramc[crs from the U’OA spectral radiance n~casurcmcnts  thcmsclvcs.  “I”hc MISR cxpcrinvmt
(I)incr, cl al., 1991), tlu_ougl]  interprcta[ion  wittl  a full tl]rw-dil~]cl)siot~al  radiative transfer code of mullianglc
obscwations  of tl]c “l”OA radiance, will p,cnc.rate estimates global Iy of both atmospheric optical dcplh and surface
lWIJ1/ as part of tllc  NASA EOS program. A rcccnt  workshop (Slatcr  and h4cndcnhall,  1993) sunmarizcd the
status of the atmcmphc,ric  corrcc,tion prol)]cn~  for 1,andsat  imagery: With lcslw,ct  to quc.s!ion (2), tllc in~lwovcd
estimation of rcgiona]  land surface evaporation “into the a[mosphc.rc is impcrl-tant  in understanding land czosystcm
functioning (Schrnuggc and Andre, 1991), and together with determination of Ocean cvaporat  ion, for climate “
modclling  (Starr and Mclfi,  1991). It may, for c,xamplc,  prove feasible to cslimalc  via a material balance nmdcl  .
(Brut.sacrl,  198?,) the regional avcra~c surface flux of waler  vapor into the a[rnosphcrc  using rcrnotc  sensing
observations of Ihc arcally averaged space and time-variabil{[y of atmosphc.ric water vapor column abundance.
3’hc proccdurc was dcscribcd by COI~C,] and Carrcrc (] 992), ‘IIIC present pa]~r f~llscs on qllcstion  (~),
spccificalty  dc,riva[ion of estimates of aerosol optical dcptli,  atmospllclic  water vapor, and oxygen pressure
surface altiludc from ul)wclling near-’l’OA spectral radiance mcasurcmcnts  obtained will] tllc Airbcmc
Visible/lnfrarcd imaging Spcctromctcr (AVIIOS).

?. Characteristics and calibration  Of AVIIllS.  AVIRIS  is a so-called wtliskbroom  imaging
spcctromclcr  llla( Jmduccs ima$cs of spccllal  radiance in 2.24 ct]annc,]s (1() nl[l  in[crvals)  bctwccn 400 to 2500
m. “JIIc instrument ftics  aboard the IiR-? aircraft platform at an altitlldc of ?,() km almvc  terrain, At this flight
altitude tlIc side-to-side angular field-of-vic,w of 4 lSO a[mut nadir gcncratcs  an image swath approxima[c]y  11
km in width with pixel si~,c 20 m. “l?Ic arcal  covcrafic  ralc dctcnnincd by 1+X-2  ground speed is appr’oximatcly
110 kIn’/4O seconds.

AVIRIS is rartiornctrical]y  and spectrally c:ili[)ratcd in the laboratory Llsing  an integrating sphere and
spcchal radiometer (Chricn,  Ct al., 1990). Llndcr  inftight conditions, the radiomc.tl-ic  calibration is cstablisllcd
usinf, a rcflcctancc-ba.scd  method in which lIIC spectral radiance from a uniform ground target, as dctcnnincd
from tlIc laboratory calibration cocfficicnts,  is compared with  the spcckal  radiance calculated at ftigllt  altiludc  at
AVIRIS  spectral resolution using tllc MOIM’l{AN  atmospheric transmittance code (I]crk, ct al., 1989). ‘1’o
constrain the code, atnlos])llcric  sjm.tral  optical dcptll  a( nine wavc]crlgtlls  (370-1030 nnl, AZ =. 10 nrn)  and water
vapor column  abundance were dctcrlnincd  from solar photometry. I’hc, surface target spectral rcflc.ctancc  was
]I~casUrCLl  Wit}l a ])O1tablC spcctlolllc!c.r  :t[ the !illlc  of ovclf[if,ht.  }<c.sl]lts  of slldl  a I(!!Cl]t  calibration cxj)crin]cnt
arc showII in l(igurc  1 (Grczn, ct al., 1993), ]nfligllt,  the ]aboratory  slrcctlal  calibration is validated by
con~parins  t I : sltapc.s of atmmpllcric  gas al)sorption  bands  dc~crlnincd  ~Jy ~hc AV11{1S obscrvat  ions with band
SIIapCS ]moduccxl from MOI}’I ‘l{ AN, CIlan[icl  positions dctcrnlinczl  [~y t]]csc two methods usually ap,rcz, to within
1 am,

3. Mc(lIod  of acroso] r~[ri~val,  tJ1~dcr  conditiol~s  of tow n~c,[c~)r~lof,ical  ran~c tllc rafiiancc  sca[tc.rcd
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from atnmphcric  aerosols may comprise a significant porlion  of the total radiancz reaching the AVII<IS sensor.
A con~Jjarison aqcording (o MOII’J”RAN  2 of dic aerosol-scatter’cd radianc~  wilh pms due 10 n~olccu]ar  scalkring
and, [o interaction with the I,mth the atmosph;rc.  slid  ground; is given in IJip,urc  2, A ,nonlincar kast  square”
spcc[ral fitting (N1,1 ;S1/) algorithm w% ill@CJllCJltCd  to cN imhtc tllc acroso]  opt icd dcplh  from” tbc .sP&tl  al
radiance mcasurcmcnts  obtained with AW 1{1S.  ‘Ill is algorilhm  optirnim the fit bctwczn  “the AVIRIS radiance
a~~d a MOD’ J’RAN’  2-modcllcd  radiimcc  with the acfosol  optical depth as thti primary filling pamrmtcr.
Additional adjustable paramc.tcrs arc magnitude of tllc surface ic,flcctallc~,  sloIx” of the rcflcctancc  with rcspecl  to
waVC]Cl@h,  and a rc,flcctance  Jnodc]  of lC%3f chlorophyll absorption. l;i~ure  3 shows results of applyin~ k
Nl,1 31; algorithm to’ a forest targc,t at 120 m elevation, willlin  the Jasper RidSc  Ecological Preserve. JAspcr
Ridge  P1’cscrvc lies al lhc foot of the Santa (kuz Moun[aiJK 7 km southwest of Palo Alto, ~alifonria (for
locations of sites nlc.Jltioncd  refer 10 Iiigure 91)).  A preliminary value for lhc rchicvcd  aerosol optical dc.p[l]  is
0.42 at 500 nJm ‘1’his  value is compared in I;igurc 4 to the avcrap,c  optical dc.pths  dctmnincd  by solar
phommct  t’y for the AV11{1S ovcrfli~hl period using rachds  dcscrikd by Reagan ct al. (1987) and M ucggc c1
al.(1 990). Aerosol optical dcplhs  were also calculated for tlic cnt ire AV1 }{1S data set at Jasper RidSc.  I’hc
values (Jctcrn~incd (l;igurc 4) ranged from 0.?.7 in the Santa Chuz,  Mountains at elevation 5S0 m to 0.53 near S:in
}kancisco  Hay at sca level. Puturc investigation of this mctlmt will focus oJl scnsilivi[y  of [tic algorithm to: (1)
the chosen simple paramctcrization  of surface as a 1 ,ambcrliaa  rcftcclor,  i.e., ncg]czt  of the actual surface llRDli
in lhc mdialivc  lransfcr  nlodcl,  (?) the assumption of plane-])aralkl atmospheric conditioJIS  and (3) ul”lifornl
surface rcflc.clancc  for a local calculaticm  in the prcscncc  of actual lakral variability, and (4) ttw assumed aerosol
Ino(lcl.
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i

4. Surface pressure height  fron~ oxygen band mcasurcmcnts. Accuralc  compmsalion  for
almosphc.ric absorption from wctl-mixed gases togc[hcr  with the effects of molecular scattering require
CtCtcminations  of surface. elevation. lJndcr  assumption c)f a local  ]danc.-parallcl atmospheric Jnodd an al~orilltnl
was dcvclopcd  that assc,scs tlm strength of tllc 760 nn~ oxyp,c.n absorption band resolved in tllc  AVIKIS radiance
nlcasurcnwmts. Using. tllc vcrlical  oxygen  distlibu[ion  rcsidcnl  in the MOIM’I<AN 2 model, a rclationshij)  was
dcvclopcd  bctwccn  oxygen band sh’cnfgh  and surfac.c elevation. q’hc algori[hm uscs the Nl,l S1; proccdw with .
spectral mtiancc  rncasurcd by AVIRIS  slid  tllc  M(I1 Y1’RAN  ?. model oxyg,cn hmd profi!c  will]  tl!c following ,,,

adjustabk  paramclcrs:  cxplivalcnt surface pressure elevation; magnitude of the surface rcflcc.tancc al 760 m, and
slo]~ of the surface rcfkctancc. with rcspccl  to wavc~c.agth at that wavclcn~tli.  1’0 improve precision of tllc
rccovc.rics  the AVIRIS radi:ulcc  mcasurcmnts were avcrap,cd  over 11 by 11 spatial samples. 1 ‘igm  5 sllcnvs
rc.suits of tlm fi[ting  proccdurc for a dry g,mss area of tllc Jasper Ridge  l’lcscrvc  for which an avcra~c pressure
c.lcvalion of 250 J]) was obtained. “J’hc altitude measure.d by altimc,[c,r at tllc,  time of ovcrfti#lt  was 2,80 m (989.6
Jnb). ‘1’hc apj)lOXilllatC  C]cvalion  of Illat Site dctcrmincd  from to]q,raldlic  maps was ?.O(J Jn. l’hc fl’aCtiOllal
uncertainty in molecular scal[cring optical depth &,,/Tr,,  arising from an unccr[ainty  in surface hc.igh( N) is
-&tI/o, where o is the scak height. For (s equal to 8,25 ton, an error of+ 30 m in clcvalion  gives rise. to a -0.4
90 rmor in T,,,.

An analysis was carried out for a simple algorithm based on the ratio  of band depth to average
continuum radiance [o cstimak precision of ,wwfacc  height rcmvcrics  from oxygen band nmasurcmcnts.  It was
assumc,d that uncmtaintics  arose from noise in lhc radiance measure.mcnts thcmsclvcs.  I;or  the conditions:
n)clcorolo~ical  ral)~,c  = 100 km, surface reflectance = 0.?S, and a rural aerosol model, IIK MOIY1’}<AN  ?, cortc
yielded the rcla[ionsllip  R = O.GI + ‘2.07x1 O ‘h + 3.77x10“19)2 where R is tl)c band ratio and h is sul-f~cc  elevation
in meters. “1’hc uncc]laint  y in surface hcip,llt rccovcry  oh on a per pixel basis as a function of AV1 }<1S
sip,nal]noisc  (S/N) at 760 am is given in l~igurc 6. “I”hc currcat  obscrvcct  inftight S/?4 at 760 Jm is close to 300
whicii  sug,g,csts lI)c possibility of clcva[ion  rc.covcrics  with a prczisioa on tllC order of 150 m Cm a pcr-pixc.t  basis
or about 14 Jn for an 11 by 11 average,.

‘J’hc oxyp,cn bal)d mctlmd aIlpIics  to gcmlictI ic,ally sin~[)lc optical ]Mhs 1111’OU@  tllc  atnlos]l}lcrc,  but
CllCOUJltC1’S  ObStrJCIC<S  in tk prcscncc of clouds or acroso]s, i.c,., cilc~ln]stancc,s  in Which llIc sillf,lc scattc] inp,
a!tEdO Of individual SCattc.rcls is very c]osc [O Llni[y, lJncicI tllcsc conditions the pl@oJl Op[ica] p:tl}t dllolJfl]ll  t]lC
abmbing illlcrs[ilial  nlcdillnl can t)c vc,ry g,r~a(, c,sj)c~ially W]lc,n clo~ld Or Sca(tc,rinp,  layc.1  optical  dc.pth  is  hI’f,c
(van (fc 1 luM, 19S0, ~11. 17). ‘J’llis  will  ICaCI to I;lr~,c Valuc,s  ~~f OXYp,C,I)  al)soq)ticm ard conscquc.n(l  y C.nOi]COUS
Cs(i[)laks  of sl]l’face. tlc.ig,ll[ aS ()])p()s(d to (lCtc,I’lllil~[i[iol)s  JII:~(l~  ~]J](lc,r  scaltc.r-fl’cc  [li ICc[ ]X4(11 co[]di[ions,  ‘1 ‘[)~
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discrcprrncy  cikxt previously at Jasper Ridge, bctwccn fic.kl-measured surface height (280 m) and surface height
ctctcrmincd  fron~, the oxygen band mctlmd (2S0 m) may al isc fl-om such scdtcring cffcds.  Fukm field and
nmlcl  cx]w.r’imcnts  arc plantwd with AVIRJS and MODTRAN 2 to test the.sc ideas,’ and to invcstiga(c  conditions
where oxygen band rncasurcmcnts  may actually k used to dkminc  cloud hcighL

1
I

5. ‘Atmospheric water  vapor. ‘lIlc  s[IongcsL at mospllcric  abscwbcr over most of lhti AW 1<1S spcctml
rangi is water vapor (Figure ‘7)i and its abundimcc  may vary greatly bolh spatially and temporally (Grcm, c1 al.,
199 1; ~OliCl, cl al., 1991): ‘1’o cornlwnsalc  for water va~mr absorption usiiig  an atmospheric model such as
1,OW1’l<AN 7 (Knci~,ys,  et al., 1987) or M61YI”RAN  2 (lIcrk, et al., 1989), nvasurcnlcnt  of total path
pmipitablc water is utilimt  to scale the resident vcr[ical  distribution of atmospheric mois[urc  al each spalial
clcmcnt throughout an im~gc. l’hc first algorithms wc dcvclopcd  for atmospheric pmipilablc  waler estimation
from AV1 }<1S radiance n~casurcmcnts,  u!ilizat  siny)lc.  in- and out-of-band radiance ratios of tllc 940 nm
absoq)tion  feat urc and Ihc 1,OW1’RAN  7 kansmit[ancc  code (~onc], cl al., 1988; Green cl al,, 1989). l“hcsc
algorithms employ  the assumption of local la[cral a[mosj)llcric  }Iornogcncity  and 1,ambcrtian  surface rcflcctancct
indc.l)c.ndcnI of wavc]cngth.  They arc thus vulnerable not only 10 dcpwlurcs  of the surface rcflcclancc from the
assumed value, bat also to: (1) in~crfcr’cnec f[om spcct  ral variat icms  from liquid water or otllcr  absorl][ion bands
present in vegetation, soil rnoisturc,  or hydrated minerals at the surface and (2.) incomct assumptions about other
rcqaircd but unknown parmclcrs such as aerosol load and aerosol lylw.  (~arrcrc and ~oncl,  1992). ‘1’o xclax tllc
previously required assumption of constant surface rcfkdancc,  a N].1 SI; algorithm was dcvcloJwd based on
h401  YI ‘l<AN 2 (Green, et al, 1991) that allow”cd  variation of paramc.tcrs  describing the amount of at mosphcric
prccipi[ab]c  water, tllc rclkctancc  magnitude, tl]c rcflcciallcc  SIOIW will)  wavclcnp,til,  and a cocfficicrll  that  scale.d
a ]mcdctcrmincd  fixed leaf liquid water rcfte.ctancc  spectrum. Aerosol scat[cring  was accounted for by
spc.cificat ion of tllc mc[corological  range. in tllc M()] )1’l{AN 2. mode.1. A ~mviously  dcvclopcd lcasl-square based
Jnodcl of water vapor rccovcry  employing tl)c h4alkn~us  band model (Ciao and Ciocl/,,  1991) did not account for
atmospheric scattering. Figure 8 shows the agrccmc.nt  obtained in the prcscnl  case bctwccn  the spcc[ral  radiance
measured by AVI RIS and the. N1 J ,S1$ spcmum for lIIC 940 m water band over a green glass  target south of
}’alo Alto. I~igurc. 9a shows [hc variation of path prccipitab]c  water over the site as compared [o surface. cul[ural “ i
fc.atrrrc.s,  vegetation, and water bodies rcprcscnkd in lhc AVII{IS ima~c of I’ig,urc 9b.

6. Summary. A180rihn~s  have been dcs~rilw.d based on the MOIYI’RAN 2 mdialivc  transfer model that
give cs[imatcs  of the absorption and scattcling  charac[crist  ics of tllc atnmsldmrc  flom AVI RIS radiance
mcasurcmcnts  alone. These characlcris[ics  may bc used in llIC model to derive estimates of cquivalcnl  surface
1.amhlian  rcflcclancc.  A s[cp-by-slcp  validation of the various procedures described w“ill involve: (1) dircd
comparison of (IIC atmospheric parameters with in-situ  measured val UCS, and (2) comparison of the model-derived
surface rcftcclancc,s  with surface rc.fkctancc,s  measured wi[h por[ablc spcc(romctcrs.  ‘1’hcsc  studies arc undc.r way.
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Nigurc. captions

Jrigure  l.~ol~~]Jarisot~  oftllc  MOIJTRAN-l~r@ictd  aT~d AVIRIS-r~icasulcd  radial~cc"  ff)rttlc  il)fligllt  calil)ratitil~
cxJk.rilllcllt  of~OMiy  1 9 9 2 .

I;igllrc  2.1"tl$ total  radial~cc,  gro\ll~d-aI~d-alI~~  osl)llc.rc-mfl~. ted, n~ol&ular  smltcrcd al~dacrosol scattci-tis1m.tral
radiaiicc  co~~~]ml~cnts  givcl~  by MODTRAN 2, fora ImMlian  targctof 0.25 rcflcclanc cat sca ICVCJ  with
l~~clenrologicalrar~~cof  5 km and rural aerosol model.

I;ig~lrc 3.1ixa1~~]Jlc  ofcoi~~paris61~  (wilhrcsiduals)of  thcbcsl-fit  radiancc fron~Nl.I,SIi  algorilhnl  ac.cordingto
MODTRAN 2. with spcciral radiance measured by AVIRIS used for estimation of aerosol optical depth.

Fip,urc4. ‘I’hcacroso  loptical  dcpthsat v~avclcl]~tt]  of5~r~i~~rctricvti  witllttlc N1.l SI~algoritll[~~  at Jasper
Ridge,  ~Aforcst  sitc(J1<) al~dovcr tllcclcvation  ral~gc])rcscl\t  ~{al~gc)  ir~tllc  AVlt<IS  in~agcr yofJaspcrRidp,c
silc, comparcd  withinsilu-measured time-avcragcopticaldcpth values, June ?., 1992; 10:15-14:07 F’IYI’.

};igurc6.1km  rinthchcigh  trctricval  frotn tilcoxygci~  l~andalgorittln~ frbl~~t~c)isc  il~~idiaI~ccs  rl]casLtrcdl~y
AVIRIS.  Actual noise/signal (l/S/N) isapproxin~atc  ly300asdctcrn~incd  fronllabomlor  ydctccto rdarkcurrcnt
nmwrrcmcnls,  in inset, I.Oz is tllcoxygcn band radiance at 760 nm, and 1., is tl)c continuum mdiancca[  760 mn
dc.tcrll~il~cd  l~ylir]car il~tcr~mlatiol~  lwtwccI~radia!~cc.s  to`citllcr  sidcof[l1cbal~d.  Rinttwtcxt  iscquallc)l.ofl..i

l’igurc 7. lnflucncc  of atmospheric water vapor anmml  on tlIc u])wclling  spc.dral  radiance at AVI 1<1S calculated
according to (1IC MODTKAN 2 model,

l;igurcfl.  Fit witllrcsidllal  k[w~m,l~tllc  AVIRIS-n]easurc$ radiai~cc ar~dtllc NJ.I_$I~radial~cc  fron~MOl)l'RAN  “
2 over tllc 940 nm water vapor absorption band for a green ‘glass  tarp,ct at JasIxx Ridge Prcscrvc.

IJigurc  9. (a) Atmospheric water  vapor column abundance (atm-cm)  over the Jasper Rid~c Prcscrvc and
surroundings rctricvcd using the Nl J ,SI; algorithm, 3’o convert atm-cm of water vapor to prczipitable  cm, divide
by 1’24S.3. (b) AVIRIS  image of tllc in~a~c  area in (a) snowing cultural features and vegetation pat[cras.  S1 ,A =-
Stanford 1.incar Accc.lcrator;  f = fore.s!, dg = dry grass, p,g = green grass targets. Gray scale denotes instrument
IJN. IIand 25 =- 660 m.


